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Sox9 is required for cartilage formation 

Weimin Bi, Jian Min Deng, Zhaoping Zhang, Richard R. Behringer & Benoit de Crombrugghe 



Chondrogenesis results in the formation of cartilages, initial 
skeletal elements that can serve as templates for endochondral 
bone formation. Cartilage formation begins with the condensa- 
tion of mesenchyme cells followed by their differentiation into 
chondrocytes. Although much is known about the terminal dif- 
ferentiation products that are expressed by chondrocytes^'^, lit- 
tle is known about the factors that specify the chondrocyte 
lineage*^. S0X9 is a high«mob ility -qroup (HMG) domain tra n- 
scriotion factor that is expressed in chondrocytes and other tis - 
sues^*^^. In humans, 50X9 haploinsufficiency results in 
campomelic dysplasia, a l ethal skeletal malformation syndrom e, 
and XY sex reversal'- During embryogenesis, Sox9 is 
'expressed m all cartilage prjmordia and cartilages, coincident 
with the expression of the collagen a1(ll) gene (Co/2dt; 



refs 8. 11, 12). 5ox9 is also expressed in other tissues, including the 
central nervous and urogenital systems®"^ ^. Sox9 binds to essen - 
tial sequences in the Col2a1 and collagen a2(XI) gene (Co/y7a2) 
chondrocyte-specif ic enhancers and can activate these enhancers 
in non<hondrocytic cells^^'''^. Here, 5ox9 is identified as a regula* 
tor of the chondrocyte lineage. In mouse chimaeras, Sox9~^~ cells 
are excluded from all cartilages but are present as a juxtaposed 
mesenchyme that does not express the chondrocyte-speclfic 
markers Col2a1, Col9a2, Colli a2 and Age. This exclusion 
occurred cell autonomously at the condensing mesenchyme 
stage of chondrogenesis. 'Moreover, no cartilage developed in 
teratomas derived from Sox9^' embryonic stem (ES) cells. Our 
results identify Sox9 as the first transcrip tion factor that is essen - 
tial for cTVondrocyte differentiation and cartilage formatiori. 
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Wg. 1 Gerieration of Sox9^mutant ES cell lines. «, Strategy to introduce /acZ into the Sox9 iocus in ES cells. The three coding exons of Sox9 are shown. Open boxes, 
etons; shaded boxes, 5' and 3' UTR; filled boxes, HMG box. The 450-bp Sadl-Sact region containing the translation start codon and the 5' region of the HMG box 
erf Sox9 was replaced by the IRES-toc2-pA-loxP-fianked PGKneobpA cassette. E, f coRI; B, 8g/lt; SI, Sact S2, Sadl; neo, PGKneobpA; triangles. toxP sites; TK. 
MCltkpA. Transient ere recombinase expression removes the /oxMlanked neo cassette from the targeted locus. Once the neo cassette was removed, the remain- 
ing wild-type allele was mutated by the original targeting vector. The predicted Bgl\\ and fcoRI fragments for wild-type and targeted alleles and the S' and 3' 
Southern probes are indicated, b-^. Southern analysis of targeted ES cell tines. The sizes of the hybridizing restriction fragments are indicated, as well as the ini- 
tial Urgetihg of the Sox9 locus in wild-type {+/+) ES cells to generate Sox9 lacZ-neo/* ES cell lines, b, fcoRI digestion and hybridization with the 3' external probe. 
C Bg/ll digestion and hybridization with the 5' external probe, d, Removal of the neo cassette from the tacZ-neo allele by ere recombinase to generate Sox9 lacZ/+ 
ES cell lines (fcoRl digestion and hyt)ridizatton with the 3* external probe). «, Targeting of the remaining Sojr9 wild-type allele in Sox9 /acZ^+ ES cell lines to gen- 
erate Sox9 tacZ/lacZ-neo ES celt lines, ft is also possible to retarget the Sojf9 lacZ allele to regenerate Sox9 /acZ-neo/+ ES cell lines (fcoRI digestion and hybridiza- 
tion with the 3' external probe), f PGR analysis to confirm the Sojr9 deletion. Primers located in the deleted region were used to amplify a 297 -bp Sox9 fragment. 
Wo amplified product is generated from two independently derived Sox9 lacZ/tacZ-neo ES cell lines. 
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We generated Sox9^^' and SoxP^" ES cells f Fig. la-/). Our target- 
ing strategy functionally inactivated St?x9 and led to the expres- 
sion of p-galactosidase (P-gal) activity in a 
Sox9-specific pattern. Because S0X9 heterozygosity in 
humans causes postnatal lethality and XY sex reversal, 
we analysed the behaviour of Sox9^^~ and Sox9~^~ cells 
in mouse embryo chimaeras. 

We analysed chimaeras at 15.5 days post-coitum 
(dpc) because most cartilages are well fornied at this 
stage. At 15.5 dpc, the growth plates of the long bones 
show characteristic zones of resting, proliferating and 
hypertrophic chondrocytes. Chimaeras derived from 
Sox9*^' ES cells expressed p-gal activity in a Sox9-spe- 
cific pattern (Fig. 2). In these chimaeras> the various 
cellular components of growth- plate cartilages 
appeared normal (Fig. 20. In all cartilages. Sox9*^~ 
cells expressing P-gal had morphology typical of 
chondrocytes, were present in both resting and prolif- 
erative zones of the growth plate and intermingled 



Fig. 3 Sox9^- [a-c) and Sox9^- chimaeras id-k) at 1S:5 dpc. Dark- 
field illumination of RNA in situ hybridization with /acZ (a,d,g). 
Sox9 (b.«,/i) and CoUal (c,/./) probes, in Soxr'- chimaeras. lacZ, 
Sox9 and Cot2a1 transcripts co-localized with each other in the 
cartilages of the limb (a-c). In $ox9-^- chimaeras. lacZ transcripts 
were localized outside of the digit cartilages that expressed Sox9 
and CoI2a1 {d-f). 5ox9 and Col2a1 were not expressed iri the 
small patch of /acZ-positive cells (red arrow) embedded in 
hindlimb cartilage (g-0. jX Double labelling by type II collagen 
immunofluorescence and X-gal staining. Type II collagen was 
detected in digit cartilages (/). whereas ^al-positive cells were 
located surrounding the cartilages (*). None of the ^at-positive 
cells expressed.type II collagen. ... . . 



FJg. 2 Sox9 chimaeras at 15.5 dpc. Whole-mount X-gal stained chimaeric 
embryos derived by injertion of SoxT*' («) and 50x9"^ (b) ES cells into^' 
wild-type blastocysts. Histological analysis of Sox9*^ chimaeras showed 
that Sox^- p-ga»-positive (blue) celh were located in the cartilage^ 
intermingled with wild-type (pink) cells in the digits (e). vertebrae (•). 
rib5 .(0) and hindlimbs (/.*). Sox9 mRNA expression declines in hyper- 
trophic chondrocytes, but ^al actwity was present in these ceils, most 
likely doe to the persistence of ^gai protein (;). In contrast, in 56x9^ chi- 
maeras, Sox9^~ ^al-poiitive cells were excluded from the correspond- 
ing cartilages in the digits (tf), vertebrae (0, ribs (h) and hindlimbs iJJM. 
Some small patches of Sox9^- cells (arrows) were observed at the edges 
of the cartilages (/,/), but these cells lacked normal chondrocyte morphol- 
ogy {jj,n). Areas indicated by rectangles in (/) are enlarged in (n,o). 



with wild-type chondrocytes (Fig. 2i). In cartilage, the local- 
ization of lacZ transcripts was identical to those of Sax9, 
Col2a}, Col9a2 and Age, in agreement with our targeting 
strategy (Fig. Sa-c, and data not shown). These results sug- 
gest that in chimaeras, Sox9*^' ES cells differentiate into 
chondrocytes that behave in a manner equivalent to wild- 
type chondrocytes. 

Chimaeras (15.5 dpc) derived firom Sox9~^' ES cells were 
morphologically normal even , when composed of a signifi- 
cant proportion (-50%) of Sox9~^~ cells. Sox9^' cells were 
found to express p-gal in a panem that was overtly similar to 
Sox9 (Fig. 2b). Histological examination, however, demon- 
strated that SoxS^" P- gal-positive cells were adjacent to, not 
in, the cartilages (Fig. 2). p- gal-positive Sox9^~ cells 
appeared to have been physically displaced by wild-type 
chondrocytes that formed normal cartilages. Moreover, these 
Sox9~^~ p-gal-positive cells had a spindle-shaped mesenchy- 
mal appearance (Fig. 2n,o), and hence lacked the characteris- 
tic morphological features of chondrocytes, which at this 
stage of embryogenesis are embedded in an abundant layer of 
extracellular matrix. Occasional S<7x9^" p-gal-positive cells 
were also found embedded at the periphery of the cartilages, often 
as single or very small groups of cells (Fig. 2j,/,n}, but these P-gal- 
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Fig. 4 Sox9 chimaeras at 11.5 and 12.5 
dpc Whole-mount X-gal stained 12.5 
dpc (a,*) and 11.5 dpc (c.d) chimaeric 
embryos derived by injection of Sox9***- 
(a.c) and Sox9^- (b,d) ES cells into wild- 
type blastocysts. Histological analysis of 
12.5 dpc Sox9^- chimaeras showed that 
Sox9^' ^gal-positive (blue) cells were 
located in the mesenchymal condensa- 
tions of the forelimb buds, intermingled 
with wild-type (pink) cells (e). In con- 
trast, in Sox9~'- chimaeras, SoxS''' f^^al- 
positive cells were located, adjacent to 
the wild-type condensing mesenchyme 
of the forelimb bud (/). Histological 
analysis of 11.5 dpc Sox9*^' chimaeras 
showed that Sox9^- ^al-positive (blue) 
cells were located within the sclero- 
tomes (s) of the somites, intermingled 
with wild-type (pink) cells (g). In con- 
trast, in Sox9~'' chimaeras, Sox9~'~ p^al- 
positive cells were segregated from 
wild-type cells of sclerotomes (/»). Arrow- 
heads, dorsal root ganglia, i, Whole- 
mount X-gal stained 12.5-dpc chimaeric 
embryo with a high proportion of 
Sox9^ cells. Histological analysis showed 
that Sox9^~ ^al-positive cells were 
present in the precartilage regions of 
the limb (/) and vertebrae (A). The large 
regions of $ox9^' cells (black arrow- 
head) appear to disrupt normal morpho- 
genesis. Regions that are predominantly 
composed of wild-type cells (red arrow- 
head) are morphologically normal, n. 
notochord; nt, neural tube. 
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positive cells did not display normal chondrocyte morphology. 
The skeletons of these Sox9^' chimaeras showed no obvious mor- 
phological defects and the various cellular layers of the growth 
plate cartilages were normal and composed entirely of wild -type 
cells (Fig. 2). in si fu hybridization indicated that the patterns of 
Col2al, Col9a2y Age and Sox9 transcripts in the different cartilages 
overlapped each other, confirming that the cartilages were com- 
posed exclusively of wild-type cells (Fig. 3c/, and data not 
shown). In contrast, lacZ transcripts were located outside of the 
cartilages with a pattern of expression distina from those of Sox9, 
Col2a}, Col9a2 and Age transcripts (Fig. 5d). Occasionally, lacZ 
transcripts were present in smaD patches embedded in wild -type 
cartilages (Fig. 3^); these small patches did not express Sox9 and 
Col2al (Fig. 3/i,f). In co- localization experiments, type II collagen 
was only found in the extracellular matrix surrounding wild -type 
cells and not around P-gal-positive mutant cells (Fig. 3;,^:). These 
results suggest that prechondrocytic mesenchyme cells that lack 
Sox9 are unable to differentiate into chondrocytes. 

To determine when the segregation of Sox9~^' cells from wild- 
type cells initiated during chondrogenesis, we examined 11.5- 
and 12.5-dpc chimaeric embryos. At these stages, cartilage pri- 
mordia consist of condensed mesenchyme cells that are sur- 
rounded by much less extracellular matrix; however, these 
differentiating cells contain abundant Col2a} and Sox9 tran- 
scripts! Chimaeras (11.5 and 12.5 dpc) derived from Sox9^' ES 
cells had a pattern of P-gal activity in cartilage primordia that 
niimicked that of Sox9 expression and that of p-gal activity in the 
cartilage primordia of chimaeras derived from Sox9*^' ES cells 
(Fig. 4fl-</). In contrast to Sox9^^' P-gal-positive cells, which 
were intermixed with wild- type cells in all cartilage primordia 
(Fig. 4e^), Sox9~^' P-gal-positive cells were segregated from 
wild-type cells (Fig. 4/;/i). Similar to 15.5 dpc chimaeras, the pat- 
tons of CoUaU Sox9, Age and Collla2 transcripts were non- 
coincident with those of lacZ. In contrast, these transcripts were 
expressed in a similar panem throughout cartilage primordia 
(data not shown) of Sox9^^~ chimaeras. Thus, even at stages of 



mesenchymal condensation, "Sox^* cells did not express chon- 
drocyte differentiation niarkers and were already segregated from 
wild -type cells. In earlier stages of chondrogenesis, when pre- 
chondrocytic mesenchymal cells do not yet appear as condensa- 
tions, p-gal-positive cells still appeared intermingled with 
P-gal-negative cells in caudal sclerotomes and distal parts of limb 
buds of 1 1.5 dpc, as well as in sclerotomes of 10.5 dpc chimaeras 
derived from Sojc9~^" cells (data not shown). 

We also transplanted Sox9^^~ and Sox^* ES cell lines into syn- 
geneic mice to generate teratomas. The tumours derived from 
one wild -type and three Sox9^^~ ES cell lines contained many dif- 
ferentiated tissue types, including many cartilaginous structures 
with typical chondrocytes (Fig. 5fl,&). The chondrocytes in the 
cartilages of the Sox9^^~ teratomas expressed p-gal (Fig. 5e). In 
addition, other differentiated ceQ types, including mesenchymal 
and epithelial cells, were also p-gal positive (Fig. Sf) because Sox9 
is expressed in many tissue types. The extracellular matrix of 
wild -type and Sox9*^* cartilages contained type II collagen and 
expressed Col9a2 and Age (Fig. 5/i,i. and data not shown). 
Although teratomas derived from three different Sox9^~ ES cell 
lines contained many different tissue types, no cartilages, type II 
collagen, or Col9a2 or Age transcripts were detected in any 
tumours (Fig. 5c^,;, and data not shown), p-gal activity was 
detected in Sox9^~ tumours, but only in a subset of the non -car- 
tilaginous tissues (Fig. 5g). Thus, Sox9 is essential for cartilage 
formation in teratomas. 

Our chimaera studies suggest that Sox9^' prechondrocytic 
mesenchyme cells were initially specified, proliferated and 
migrated to their proper positions in the body. The subsequent 
block in the ability of the Sox9^' cells to differentiate into chon- 
drocytes appears to be at an early stage of chondrogenesis 
because Sox9~^~ cells were already physically segregated from 
wild -type cells in precartilaginous condensations. Experimental 
evidence suggests that Sox9 directly activates a set of chondro- 
cyte-specific extracellular matrix genes' Our results indi- 
cate that Sox9^' cells were unable to express chondrocyte- 
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Rg. 5 Teratomas derived from wild- 
type, 50x9*^- and Sox9^- ES cell lines. 
m.d,h. wild type; b,:f.i. SoxT*". c,gj. 
Sox9^: Alcian blue staining of 
histological sections. Slue-stained car- 
tilage (arrows) is obscn/ed in wild- 
type and Sox9^- teratomas. Other 
non<artitage tissues also sUin posi- 
tively for Alcian blue (arrowheads), d- 
g. ^al histochemistry. ^aH><»>t"ve 
(blue) cartilage is observed in Sox9^' 
teratomas (e). Other non-cartilage tis- 
sues are also ^al positive (f). ^al- 
positive tissues are observed in Sox9^' 
teratomas but none arc similar to car- 
tilage (g). Type II collagen immunoflu- 
orescence (h-iX h.i. Type II collagen is 
detected in cartilages of wild-type 
and Sox9^- teratomas but no 
immunoreactivity is detected in 
Sox9-^ teratomas (/"). 




specific extracellular matrix genes in chimaeras or teratomas. 
The segregation of Sox9~^' cells from wild-type cells in chimaeras 
mav be due to an inability q{Sox9~^~ mesenchyme cells to interact 
with the extracellular matrix produced by wild- type condensing 
mesenchyme before cartilage formation. Perhaps Sox9 also regu- 
lates genes encoding ceU-adhesion molecules-** - ^ In chimaeras 
with a very high proportion of Sox9~^~ cells (>75%), cartilage 
abnormalities were observed, although chondrocytes in carti- 
lages were exclusively wild type. These skeletal abnormalities may 
be caused by the interference of a high number of Sox9*^" mes- 
enchyme cells and a reduced number of wild-type chondrocvtes 
contributing to the developing skeleton (Fig. 4i-fc, data not 
shown). Our studies demonstrate that So.k9 functions cell- 
autonomously in the formation of cartilages and is an essential 
transcriptional regulator of chondrocyte cell fate. 

Methods 

Generation of Sox9 mutant ES cell lines. The mouse Sox9 locus was cloned 
by screening a mouse strain 129/SvEv genomic library using a 300-bp rat 
S(7x9 cDNA probe. A 4.5-kb Notl-SacU 5' fragment and a'2.5-kb Sacl-Sad 
y fragment derived from the Sox9 locus were used to generate a targeting 
vector. .\n intra- ribosomal entry site (IRES) lacZ pA (ref 22) cassette fol- 
lowed by a /oxP-flanked PGKneobpA cassette was introduced into the first 
exon of Sox9. simultaneously deleting 450 bp of Sox9 between Sacll and 
Sad, encoding the translation start site and a portion of the HMG DNA- 
binding domain. An MCltkpA herpes simplex virus thymidine kinase 
expression cassette was added onto the 3' arm of homology to enrich for 
homologous recombinants by negative seleaion with l-(2-deoxy-2-fluo- 
ro-p-D-arabinofiiranosyD-S-iodouracil (FIAU). The targeting vector was 
linearized at a unique Nofl site outside of the homolog>' and introduced 
into AB-1 ES cells as described--. G418/FlAU-resisiant ES cell clones were 
initially screened by Southern-blot analysis of £coRl -digested genomic 
DNA and hybridization with a unique 3' probe external to the region of 
vector homology. To reuse G418 selection, the /oxP- tlanked neo cassette 
was excised from the Sox9 /dc2-neo/+ ES cell lines by transient expression 
of ere recombinase-^ The neo-deleted Sox9 lacZl+ ES cell clones were 
identified by Southern blot and verified by G41 8 selection. The Sox9 lacZf+ 
ES cell lines were then retargeted with the original vector as described 
above and verified by Southern blot. 
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Generation of mouse chimaeras. The Sax9^~ and Sax9^'- ES cell lines of 
mouse strain 129/SvEv, which is pigmented, were microinjected into Swiss ~ 
or CD-I albino mouse blastocysts to. generate chimaeric embryos for ^ 
analysis between 1 L5 and 15.5 dpc. Retinal pigmentation was used to iden- 
tify chimaeras and to assess the contribution of the ES cells to the tissues of ^ 
theembrvo. 

$ 

p-gal histochemistry and in situ hybridization. Mouse embryos were^ 
processed for detection of P-gal activitv' by X-gaJ staining-^ as described. 
Type II collagen was visualized by immunostaining of histological sections^ 
as described'" using an anti-collagen II mouse monoclonal antibody ( l:50;(/3 
DSHB). The secondary antibody was a Texas- red-conjugated donkey anti-|JJ 
mouse IgG (1:200; lackson ImmunoResearch). RNA in situ hybridizationQQ 
was performed as described-^ Probes for CoUal (ref 27), Age (ref. 28), 
Col9a2 ( ref 29 ) and Sox9 ( ref 1 2 ) were as described. The lacZ probe was a 
290-bp EcoRV-Cifll fragment, and the Coilla2 probe was a 360-bp frag- 
ment from the 5' UTR. 

Generation of teratomas. ES cells (2.0x10") were injected subcutaneousiy 
into the flanks of 8-week-old 129/SvEv males-". The resulting tumours 
were collected six weeks after transplantation and cut into smaller pieces 
for P-gal histochemistrv-. Anti-collagen II rabbit polyclonal antibody 
(1:100; Rockland) was used for immunofluorescence. The secondary anti- 
body was an FITC-coniugaied goat anti-rabbit IgG ( 1:40; Zymed). 
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